Astrocytes are the major glial cell in the central nervous system. These polarized cells possess numerous processes that ensheath the vasculature and contact synapses. Astrocytes play important roles in synaptic signaling, neurotransmitter synthesis and recycling, control of nutrient uptake, and control of local blood flow. Many of these processes depend on local metabolism and/ or energy utilization. While astrocytes respond to increases in neuronal activity and metabolic demand by upregulating glycolysis and glycogenolysis, astrocytes also possess significant capacity for oxidative (mitochondrial) metabolism. Mitochondria mediate energy supply and metabolism, cellular survival, ionic homeostasis, and proliferation. These organelles are dynamic structures undergoing extensive fission and fusion, directed movement along cytoskeletal tracts, and degradation. While many of the mechanisms underlying the dynamics of these organelles and their physiologic roles have been characterized in neurons and other cells, the roles that mitochondrial dynamics play in glial physiology is less well understood. Recent work from several laboratories has demonstrated that mitochondria are present within the fine processes of astrocytes, that their movement is regulated, and that they contribute to local Ca 21 signaling within the astrocyte. They likely play a role in local ATP production and metabolism, particularly that of glutamate. Here we will review these and other findings describing the mechanism by which mitochondrial dynamics are regulated in astrocytes, how mitochondrial dynamics might influence astrocyte and brain metabolism, and draw parallels to mitochondrial dynamics in neurons. Additionally, we present new analyses of the size, distribution, and dynamics of mitochondria in astrocytes performed using in vivo using 2-photon microscopy.
Astrocytes, thought to be the predominant type of glial cell in the brain, are involved in a wide range of central nervous system (CNS) functions, including control of blood flow, glucose metabolism, glutamate clearance, ionic homeostasis (particularly K 1 ), synaptic development, and neuronal plasticity (for reviews see Araque, Parpura, Sanzgiri, & Haydon, 1999; Attwell et al., 2010; Dienel, 2013; Haydon & Nedergaard, 2014; Weber & Barros, 2015) .
The wide range of functions ascribed to astrocytes is facilitated anatomically by processes that contact synapses and blood vessels. While primary cultures of astrocytes are largely flat and retain few cellular processes (Derouiche & Frotscher, 2001; Shao & McCarthy, 1994) , astrocytes in the CNS, particularly the so-called protoplasmic astrocytes, possess numerous, highly branched processes, lamellipodia, and veil-like structures. The smallest of these processes, also known as the peripheral astrocytic processes (PAPs), may be 20-200 nm in diameter and possess very little cytoplasm (Kosaka & Hama, 1986; Ogata & Kosaka, 2002; Benjamin Kacerovsky & Murai, 2015) . This gives astrocytes a very large surface area to volume ratio. In the cortex, these PAPs often are intimately associated with synapses (Kosaka & Hama, 1986; Ventura & Harris, 1999; Witcher et al., 2010) . In fact, a single astrocyte in the rodent brain may contact 100,000 synapses and may contact in excess of two million synapses in the human brain (Oberheim et al., 2009 ).
Based in part on their small size, it was assumed that the fine astrocyte processes were too small to accommodate mitochondria (whose diameter may exceed 1 lm in other cell types). However, new studies, and re-examination of older studies, have revealed the presence of mitochondria within the fine astrocytic processes both in situ and in vivo (Agarwal et al., 2017; Aoki, Milner, Sheu, Blass, & Pickel, 1987; Benjamin Kacerovsky & Murai, 2015; Derouiche, Haseleu, & Korf, 2015; Genda et al., 2011; Jackson, O'donnell, Takano, Coulter, & Robinson, 2014b; Lovatt et al., 2007; Mathiisen, Lehre, Danbolt, & Ottersen, 2010; Mugnaini, 1964; Oberheim et al., 2009; Stephen, Gupta-Agarwal, & Kittler, 2014; Stephen et al., 2015) and demonstrated that astrocytes exhibit a high rate of oxidative metabolism (Hertz, Peng, & Dienel, 2007) . To better understand how mitochondrial dynamics and distribution were regulated in adult animals in vivo, we generated DNA constructs to drive expression of fluorescent proteins (mitochondrially-targeted enhanced green fluorescent protein (mitoEGFP) and a membrane-targeted tandem-dimer tomato (Lck-TdTomato) fluorescent protein under control of a minimal glial fibrillary acid protein promoter (GFA ABC1D ; Lee, Messing, Su, & Brenner, 2008) . These were packaged into adeno-associated virus 2 (AAV2) particles that express the coat-protein from AAV5 (AAV2/5) which displays a tropism for astrocytes (Duale, Kasparov, Paton, & Teschemacher, 2005) . A similar strategy, combining viral tropism with an astrocyte-selective promoter, has been used previously to confine expression of transgenes to astrocytes in vivo (Ortinski et al., 2010; Shigetomi et al., 2013) . Viral particles were injected at a total dose of 3 3 10 9 genome copies per animal into the superficial layers of somatosensory cortex of adult mice of either sex. The distribution and trafficking of mitochondria in astrocyte processes in vivo were examined 2 weeks post-injection. As has been observed in organotypic cultures (Benediktsson, Schachtele, Green, & Dailey, 2005) Jackson et al., 2014b) . These contribute to the many converging lines of evidence that mitochondria are present within astrocytic processes in situ and in vivo.
Recently, we and others have examined aspects of mitochondrial dynamics within astrocyte processes in both acute slices, organotypic cultures, and in vivo (Jackson et al., 2014b; Jackson & Robinson, 2015; Motori et al., 2013; O'Donnell, Jackson, & Robinson, 2016; Stephen et al., 2015) . Here, we review these studies and try to link them to the broader context of what is known about mitochondrial dynamics. In particular, we will compare the dynamics of mitochondria within astrocytes with the more extensively characterized neuronal population. We try to point out what is yet unknown about the dynamics of mitochondria within astrocytes and to highlight cellular functions in astrocytes that might be impacted by changes in mitochondrial distribution and dynamics.
| M I TOCH ON DR I AL TR A FF I CK I N G/ TR AN S P OR T
Mitochondria within neurons maintained in culture are actively transported in axons and dendrites (Morris & Hollenbeck, 1995; Saxton & Hollenbeck, 2012) . Experiments have consistently shown that 20%-40% of mitochondria are mobile within neuronal processes in culture (axons and dendrites; Cai & Sheng, 2009; Chen, Owens, Crossin, & Edelman, 2007; Overly, Rieff, & Hollenbeck, 1996; Saxton & Hollenbeck, 2012; Schwarz, 2013) . The percentage of mobile mitochondria decreases with age or time in culture and varies between brain regions (Lewis, Turi, Kwon, Losonczy, & Polleux, 2016; Smit-Rigter et al., 2016) . Recently, several groups have examined factors regulating the distribution and transport of mitochondria within the processes of astrocytes in situ and in vivo (Bauer et al., 2012; Genda et al., 2011; Jackson et al., 2014b; Jackson & Robinson, 2015; O'Donnell et al., 2016; Stephen et al., 2015) . While many of the features of mitochondrial movement are similar in astrocytes and neurons, there are differences.
Direct comparisons of mitochondrial movement in organotypic hippocampal cultures shows that a greater fraction of mitochondria is mobile in neuronal dendrites than in astrocytic processes (defined as displacement >2 mm/15 min. We found that 40% of mitochondria in dendrites were mobile over this 15-min imaging window versus 15%-20% in astrocyte processes (Jackson et al., 2014b) . Using a similar preparation, Stephen et al. (2015) observed greater, but qualitatively similar results (50% mobile in neurons vs. 30% in astrocytes). In order to determine if similar mobility is observed in vivo, we used twophoton imaging to monitor the movement of mitochondria in transduced cortical astrocytes (AAV2/5-GFA ABC1D -mitoEGFP) in adult mice (Figure 1d ,e). Mice were anesthetized (a-chloralose) and the EGFPmito fluorescence visualized through an acute cranial window. As we previously observed in organotypic cultures (Jackson et al., 2014b) , the percentage of mobile mitochondria in vivo (displacement >0.67 mm/5min) was low (9.7 6 2.5%, n 5 4 mice). This observation is consistent with the apparent stability of mitochondrially-dependent [Ca 21 ] microdomains in astrocyte processes in vivo that was recently reported (Agarwal et al., 2017) . Whether the low mobility of mitochondria reflects a difference in the preparation (organotypic cultures vs. in vivo) or a difference in the developmental age of the astrocytes (neonatal vs. adult) is an open question. However, others have observed that mitochondrial movement decreases in neurons in vivo (Lewis et al., 2016; Smit-Rigter et al., 2016) . Using 2-photon in vivo imaging of mTurquise2-labeled mitochondria, Smit-Rigter and colleagues report that 1% of mitochondria are mobile in layer 2/3 pyramidal neuron axons (V1) in either adult FIG URE 1 Visualization of mitochondrial distribution in vivo. DNA constructs were generated to drive expression of a membrane-targeted TdTomato fluorescent protein (Lck-TdTomato) and a mitochondrially-targeted enhanced green fluorescent protein (mitoEGFP) under control of a minimal GFAP promoter (GFA ABC1D ). These were packaged into AAV2 particles containing the coat-protein from AAV5 (AAV2/5; UPenn viral vector core). Viral particles were injected into the superficial cortical layers of adult mice of either sex. (a-c) Representative images (maximal z-projections) from astrocytes transduced with Lck-TdTomato (a, c; magenta) and mitoEGFP (b, c; green) . Images a 0 -c 0 are cross-sections from z-projection images above (a-c) that depict a dense mitochondrial network throughout the astrocyte. Individual mitochondria can be seen in the smaller distal processes and are particularly concentrated near vascular end-feet (arrows). (d,e) Representative maximal z-projection images of the vasculature (visualized by injection of dextran conjugated AlexaFluor633 hydrazide into the tail vein; magenta) and mitochondria (mitoEGFP; green) in an anesthetized (a-chloralose) mouse visualized through an acute cortical window via a two-photon microscope, representative of 4 animals). (f) Distribution of mitochondrial lengths in vivo (magenta; new data) compared with mitochondrial lengths in organotypic cultures (green; data from Jackson et al., 2014b) or neonatal mice. Similarly, Lewis et al report <5% of mitochondria are mobile in layer 2/3 pyramidal axon collaterals in vivo. While they found that the percentage of mobile mitochondria decreased coincident with axon maturation in vitro, the percentage of mobile mitochondria did not increase from P10-adulthood in vivo.
The movement of mitochondria in neurons is characterized by brief pauses, accompanied by changes in speed and direction (Chang, Honick, & Reynolds, 2006; MacAskill, Brickley, Stephenson, & Kittler, 2009b) . We found that the movement of mitochondria in astrocytes is similarly characterized by brief pauses, as well as changes in speed and direction (Jackson et al., 2014b & Hollenbeck, 1995; Nangaku et al., 1994; Pilling, Horiuchi, Lively, & Saxton, 2006; Tanaka et al., 1998; Tanaka, Sugiura, Ichishita, Mihara, & Oka, 2011; reviewed in MacAskill & Kittler, 2010; Schwarz, 2013) . In axons of neurons in culture, mitochondria move along both microtubules and actin microfilaments albeit with different velocities (Morris & Hollenbeck, 1995) . Even within the kinesin superfamily, different motor proteins move at velocities that range from 0.02 to 1.5 mm/sec and vary with respect to processivity (see Martin, Hurd, & Saxton, 1999) . In addition, different adaptor proteins (TRAK1 and TRAK2) associate with different machineries to transport mitochondria to axons or dendrites, with TRAK1 associating with kinesin-1 and dynactin and TRAK2 associating with dynein-dynactin to mediate axonal or dendritic targeting, respectively (van Spronsen et al., 2013) . The rates of mitochondrial movement in astrocytes (0.15 mm/sec), match the rates of mitochondrial movement along actin microfilaments (Morris & Hollenbeck, 1995) . Based on these differences, we would speculate that the transport of mitochondria in astrocytes may depend on different motor or adaptor proteins (Jackson et al., 2014b; Stephen et al., 2014; Stephen et al., 2015) than are utilized by neurons (please see subsection on motor and adaptor proteins).
Recently, mitochondria have been observed in the primary process of oligodendrocytes and their myelin sheaths (Rinholm et al., 2016) .
There are fascinating differences between these mitochondria and those found in astrocytes and neurons. Mitochondria within the oligodendrocyte primary process or myelin sheath are generally smaller (lengths of 1.2 and 0.8 mm, respectively) than in astrocytes or neurons (1.4-3-mm) . This is particularly interesting as mitochondrial oxidative capacity is thought to vary inversely with size (Bertoni-Freddari et al., 2003; Bertoni-Freddari et al., 2005; Tondera et al., 2009) . Supporting the notion of reduced oxidative capacity, Rinholm and colleagues report that putative mitochondria present in the myelin sheath are relatively devoid of cristae, another factor that correlates with respiratory potential (Mannella et al., 2001; Palade, 1953; Rinholm et al., 2016;  reviewed in Mannella, Lederer, & Jafri, 2013; Zick, Rabl, & Reichert, 2009 activity dependent dispersal of mitochondria may preserve lactate production for export to axons (Rinholm et al., 2016) . The differences in mitochondrial mobility and its regulation further strengthen the notion that different cells may utilize different strategies to position mitochondria.
| Role of activity in regulating mitochondrial movement
Given the energetic demands of continuously moving mitochondria, one might ask "what is the purpose of moving mitochondria?" The coordinated movement of mitochondria along cellular processes probably serves several roles. First, the movement of mitochondria facilitates the distribution of mitochondria into cellular processes. While mitochondrial biogenesis (which involves nuclear transcription as well as mtDNA replication and fission) can occur locally in neuronal processes (Amiri & Hollenbeck, 2008) , most mitochondria are thought to be generated in the cell body and subsequently transported in an anterograde direction into the processes (Davis & Clayton, 1996 ; for review, see Schwarz, 2013) . Second, the retrograde movement of mitochondria out of cellular processes probably facilitates the degradation of depolarized, damaged, or aged mitochondria (Frederick & Shaw, 2007) .
Third, mitochondrial transport facilitates fusion and fission processes that allow the exchange of proteins and genetic material between discreet mitochondria (Misko, Jiang, Wegorzewska, Milbrandt, & Baloh, 2010 (Bertholet et al., 2013; Li, Okamoto, Hayashi, & Sheng, 2004; Misgeld, Kerschensteiner, Bareyre, Burgess, & Lichtman, 2007; Ohno et al., 2011) . Blocking mitochondrial redistribution to these areas, either by manipulating mitochondrial transport, decreasing mitochondrial anchoring, or blocking fission (necessary for mitochondrial entry to spines) inhibits synapse formation, axonal/dendritic branching, and maintenance of these structures (Courchet et al., 2013; Guo et al., 2005; Li et al., 2004; LopezDomenech et al., 2016; Ishihara et al., 2009; Verstreken et al., 2005) . In fact, blocking mitochondrial trafficking (Miro1 knock-out) leads to progressive neurodegeneration in peripheral nerves (Nguyen et al., 2014) .
Thus, it seems clear that mitochondrial distribution in neurons is important to neuronal maturation and the maintenance of neuronal structures. While it is unknown whether mitochondrial distribution controls the maturation and elaboration of astrocyte or oligodendrocyte processes, it is an intriguing possibility.
The accumulation of mitochondria at sites of elevated activity presumes a signal arresting their movement and retaining them. In cultured neurons, mitochondrial movement is inversely dependent upon neuronal activity. Decreasing neuronal activity (with tetrodotoxin or omegaconotoxin GVIA) increases mitochondrial movement, while conversely increasing neuronal activity (KCl depolarization or activation of NMDA receptors) decreases movement (Li et al., 2004; Mironov, 2006; Rintoul, Filiano, Brocard, Kress, & Reynolds, 2003) . In addition to increases in local [Ca 21 ], increases in [ADP] subsequent to increased ATP consumption have also been implicated in the arrest of mitochondria at synapses (Mironov, 2006 (Mironov, , 2007 .
Much of astrocytic activity is tuned to neuronal activity, and in particular excitatory (glutamatergic) activity (Araque et al., 1999; Araque & Navarrete, 2010; Halassa, Fellin, & Haydon, 2007) . Using transfected organotypic cultures of rat hippocampus, we found that the percentage of mobile mitochondria in astrocytes was low (15%). Treatment of the slices with tetrodotoxin, a Na 1 channel antagonist that blocks action potential generation, increased the percentage of mobile mitochondria to 45% (Jackson et al., 2014b) . Similarly, simultaneous blockade of
, and gamma-aminobutyric acid receptors with (6,7-dinitroquinoxaline-2,3-dione, 2-amino-5-phosphonovalerate (APV), and bicuculline, respectively) increased the percentage of mobile mitochondria. Recently, work from Joseph Kittler's lab, confirmed the observation that inhibiting neuronal activity increases mitochondrial mobility in astrocytes (Stephen et al., 2015) . As a greater proportion of mitochondria were mobile in their preparations, they were also able to demonstrate that treatment with glutamate or 4-AP (increasing neuronal activity) decreased the percentage of mobile mitochondria (Stephen et al., 2015) . Both the Robinson and Kittler laboratories have implicated glutamate in the mechanism of mitochondrial arrest (Jackson et al., 2014b; Stephen et al., 2015) , however, we differ in some of the mechanistic details of this arrest.
Perhaps one of the most important roles that astrocytes play is in the clearance of glutamate following excitatory neurotransmission. Glutamate, the principal excitatory neurotransmitter in the forebrain, is almost entirely cleared into astrocytes via GLAST and GLT1 (EAAT1 and EAAT2, respectively; Rothstein et al., 1994; Tanaka et al., 1997 ; for review see Danbolt, 2001 ). Glutamate uptake is steeply Na 1 dependent. The glutamate transporters catalyze the movement of glutamate (and aspartate) against its concentration gradient along with three Na 1 ions and a H 1 , and the counter-transport of a K 1 ion (Zerangue & Kavanaugh, 1996) . This large increase in Na 1 influx activates the Na . They also found that MK801 blocks glutamate-induced mitochondrial shortening in slices or in pure astrocyte cultures (Stephen et al., 2015) . While both groups broadly agree that glutamate is decreasing mitochondrial movement, and that this proceeds through increases in [Ca 21 ], we differ in mechanisms by which glutamate mediates this [Ca 21 ] increase. These differences could reflect differences in culture preparation. Alternatively, perhaps transporter mediated-depolarization facilitates opening of NMDA receptors on astrocytes. We would suggest that a possible resolution to this would involve knocking out NMDARs specifically in astrocytes.
The Ca
21
-dependent arrest of mitochondria is thought to facilitate the activity-dependent positioning of mitochondria and underlie the observed steady-state accumulation of mitochondria at synapses and other active regions (Macaskill et al., 2009b; Wang & Schwarz, 2009 ).
Like in neurons, mitochondria in astrocytes are not uniformly distributed. Previously, we observed that mitochondria co-localize with clusters of glutamate transporters in the processes of transfected astrocytes; a phenomenon that occurred more than would be predicted by chance (Genda et al., 2011; Bauer et al., 2012) . This accumulation depends on neuronal activity. We examined the spatial relationship of individual mitochondria with glutamate transporter puncta and synapses in the presence and absence (1TTX) of neuronal activity. We found that 80% of mitochondria were within 1 mm of an endogenous glutamate transporter puncta (and VGLUT1 positive pre-synaptic terminal).
In the absence of neuronal activity (1TTX) the distance between mitochondria and glutamate transporters (and synapses) increased (Jackson et al., 2014b) . In co-cultures of hippocampal neurons and astrocytes, glutamate application or electrical field stimulation decreased the mean distance between astrocytic mitochondria and VGLUT1 puncta, as did application of 4-AP in hippocampal slices (Stephen et al., 2015) . Thus, multiple lines of evidence from multiple labs suggest that neuronal activity increases the apposition of astrocytic mitochondria with synapses.
| Role of motor proteins and adaptors
The movement and distribution of mitochondria to active cellular com- (1) end oriented distally toward the axon terminal while they display a mixed orientation in dendrites (Baas, Deitch, Black, & Banker, 1988) .
Most plus-end mediated transport is mediated by kinesin superfamily motors, while minus-end mediated transport is via cytoplasmic dynein (Hirokawa, Noda, Tanaka, & Niwa, 2009; Pilling et al., 2006) . Thus, in axons, most anterograde movement is via kinesin motors while retrograde movement is via dynein. In dendrites, because of mixed microtubule polarity, both kinesin and dynein motors can operate in either the retrograde or anterograde direction. The orientation of the microtubule cytoskeleton in astrocytes is not known. However, mitochondria move at similar rates and in similar proportions in both the anterograde and retrograde directions (Jackson et al., 2014b; Stephen et al., 2015) , perhaps implying a mixed orientation, as in dendrites.
What motor proteins are responsible for the movement of mitochondria in astrocytes? The kinesin family of motors is relatively large, including at least 45 members (Hirokawa et al., 2009) . Several kinesin family members have been implicated in the transport of mitochondria.
In neurons, most plus-end mediated movement is mediated by Kif5 (kinesin-1) superfamily members . Of the three Kif5 superfamily members, Kif5a and Kif5c are principally neuronal, while Kif5b is ubiquitously expressed (Kanai et al., 2000; Nangaku et al., 1994; Tanaka et al., 1998; Zhang et al., 2014) . Deletion of Kif5b leads to the perinuclear accumulation of mitochondria (Tanaka et al., 1998) in cultured extraembryonic cells, while expression of a KIF5B mutant lacking the motor domain blocks transit of mitochondria into neurites in Neuro2 cells (Tanaka, Sugiura, Ichishita, Mihara, & Oka, 2011) . In addition to Kif5, other kinesin family members have been associated with mitochondrial transport. Kif1B (kinesin-3) localizes to mitochondria in neurons and purified protein can transport mitochondria along microtubules in vitro. Kinesin-like protein 6 (Klp6) mutants inhibit anterograde transport of mitochondria in differentiated neuro 2a. In contrast, only one dynein type motor, cytoplasmic dynein, has been implicated as the primary retrograde mitochondrial motor (Pilling et al., 2006) . It is, as yet, unknown which motor protein(s) mediates mitochondrial movement in astrocytes.
The movement of mitochondria along the microtubule cytoskeleton depends on several adaptor proteins that link mitochondria to the motor proteins (Glater, Megeath, Stowers, & Schwarz, 2006 ; for review see Sheng & Cai, 2012; Schwarz, 2013) .
Among these are the mitochondrial Rho proteins (Miros; also known as RhoTs) and the trafficking kinesin binding proteins (TRAKs, known as Milton in Drosophila). Mutations in Milton lead to loss of mitochondria from photoreceptor terminals and blindness in Drosophila (Stowers, Megeath, Gorska-Andrzejak, Meinertzhagen, & Schwarz, 2002) . The Milton/TRAK proteins bind kinesin motors (KIF5) and Miro protein (Glater et al., 2006; Macaskill et al., 2009b; Smith, Pozo, Brickley, & Stephenson, 2006 ] is thought to be largely dependent on the Miro proteins (Macaskill et al., 2009b; Saotome et al., 2008; Wang & Schwarz, 2009 (Brickley & Stephenson, 2011; Glater et al., 2006; MacAskill et al., 2009a; van Spronsen et al., 2013) .
Similar roles for the TRAK and Miro proteins in astrocytes have recently started to be appreciated. In primary cultures of astrocytes, the TRAK proteins are not expressed. Upon co-culture with neurons, astrocytes increase expression of TRAK2, allowing transit of mitochondria into astrocyte process (Ugbode, Hirst, & Rattray, 2014) . Both
Miro1 and Miro2 are expressed in astrocytes and localize to mitochondria within the processes of astrocytes (Jackson & Robinson, 2015; Stephen et al., 2015; Zhang et al., 2014; reviewed in Stephen et al., 2014) .
As in neurons, the Miros appear to mediate the Ca 21 sensitive arrest of mitochondria within the processes of astrocytes in response to neuronal activity and glutamate (Jackson et al., 2014b; Jackson & Robinson, 2015; Stephen et al., 2015) . Exogenous expression of wild-type Miro proteins results in an increase in the percentage of mobile mitochondria (Jackson & Robinson, 2015; Stephen et al., 2015) , suggesting that release channels and form physical structures with the ER in multiple cell types (Csordas, Thomas, & Hajnoczky, 1999; Csordas et al., 2006; Rizzuto, Brini, Murgia, & Pozzan, 1993; Rizzuto, Bastianutto, Brini, Murgia, & Pozzan, 1994; Rizzuto et al., 1998) . Close apposition of the mitochondria and ER facilitates Ca 21 transfer between these organelles (Csordas et al., 2006 Murai, 2015; Spacek, 1982) .
Like in neurons, the majority of mitochondria in astrocytes are, in fact, immobile (Jackson et al., 2014b; Kang et al., 2008; Miller & Sheetz, 2004; Morris & Hollenbeck, 1993 Stephen et al., 2015) . We found that only 10-15% of mitochondria were mobile in astrocyte processes. Even in the absence of neuronal activity (TTX), the percentage of mobile mitochondria was not 100% (Jackson et al., 2014b; Stephen et al., 2015) . This suggests either that other processes regulate mitochondrial mobility in astrocytes or that the mitochondria might be physically tethered to domains within astrocytes. Such physical Morris & Hollenbeck, 1993; Saxton & Hollenbeck, 2012) . In neurons, it has been hypothesized that mitochondrial movement might proceed along actin filaments where microtubules might be sparse, such as at active growth cones (Bradley & Satir, 1979) . In cultures of hippocampal neurons, Ligon and Steward (2000) found that mitochondrial movement was arrested by treatment with cytochalasin D, which aggregates actin filaments, although latrunculin (an actin polymerizing agent) had Indeed, the existence of a population of diminutive mitochondria (0.2 mm in diameter) in the very distal tips of the peripheral astrocyte processes was described in astrocyte cultures (Derouiche et al., 2015) .
The small size and discrete nature of these mitochondria would suggest a prominent role for Drp1-mediated mitochondrial fission in astrocyte processes. There is a precedent for this. In neurons, activity drives mitochondrial fission and subsequent recruitment of very small mitochondria (<1 mm) to spines and filopodia (Li et al., 2004) . Drp1 inhibition reduces the number of mitochondria that are present in dendrites (Li et al., 2004) and synaptic terminals (Verstreken et al., 2005) .
Thus, Drp1 mediated mitochondrial fission facilitates the entry of mitochondria into the distal processes of neurons, perhaps it serves a similar role in astrocytes.
Using viral expression of a mitochondrially-targeted photoconvertible fluorescent protein, mito-Dendra, in organotypic hippocampal cultures, Stephen et al. (2015) showed evidence for mitochondrial fusion on a constitutive basis in the astrocyte processes. While, no direct comparison of the fission/fusion dynamics between astrocytes and neurons has been conducted, the slower movement and greater percentage of immobile mitochondria in astrocyte processes (relative to neurons), as well as the often-tortuous geometry of these processes, might suggest that mitochondrial fusion (and exchange of mitochondrial content) might occur less frequently than in neurons. Limited fusion-mediated exchange of mitochondrial content would be expected to manifest as heterogeneity of individual mitochondria within astrocyte processes. Supporting this notion, a-ketoglutarate dehydrogenase is heterogeneously distributed in mitochondria within individual astrocytes in primary culture (Waagepetersen et al., 2006) .
As with trafficking, the dynamics and morphology of mitochondria in astrocytes appears to be regulated by neuronal activity (glutamate).
Bath application of glutamate decreased mitochondrial fusion in astrocytes in organotypic cultures. Whether this was a primary effect on fusion or secondary to decreases in mitochondrial transport is unclear (Stephen et al., 2015) . In addition to decreasing fusion, increasing neuronal activity (4-AP) or glutamate decreased the length of mitochondria from 3 to 1 mm (Stephen et al., 2015) . This is similar to what was observed in primary cultures of hippocampal neurons in response to glutamate (Rintoul et al., 2003) .
Astrocytes respond to a wide range of noxious stimuli or damage by a set of changes in morphology and expression patterns that are collectively termed "reactivity". In the case of prolonged or severe injury this reactivity can be accompanied by the proliferation of astrocytes (gliosis; reviewed in Sofroniew, 2009 ). These charges vary according to the type of stimulus and can be beneficial or harmful (Bush et al., 1999; Menet, Prieto, Privat, Gimenez, & Ribotta, 2003; Okada et al., 2006; Zamanian et al., 2012) . Changes in metabolic pathways have been observed in the response of astrocytes to inflammation and tissue injury (Hamby et al., 2012; Zamanian et al., 2012) . In addition, changes in mitochondrial morphology and mitochondrial dynamics have been observed post injury. In organotypic hippocampal cultures oxygenglucose deprivation (OGD) leads to decreased mitochondrial length and increased mitochondria number (due to either increased fission or decreased fusion) beginning several hours following the insult. This is followed by the loss of 50% of mitochondria from the astrocyte processes (O'Donnell et al., 2016 phosphorylated Drp1 and result in decreases in respiratory capacity (Motori et al., 2013) . Along a similar line, blocking reactive astrocytosis, by disruption of astrocytic STAT3, decreases mitochondrial function and increases mitochondrial oxidative stress (Sarafian et al., 2010) .
Conversely, others have found that increases in inflammation stimulate mitochondrial oxidative metabolism and mitogenesis in astrocytes (Jiang & Cadenas, 2014) . It is clear, however, that the large scale structural and phenotypic remodeling of astrocytes to injury and inflammation is associated with similar changes in the mitochondrial network.
Remodeling of the mitochondrial network plays a role in the response of astrocytes to injury and inflammation. Following pilocarpine induced status epilepticus (SE), Ko, Hyun, Min, & Kim (2016) observed apoptosis of astrocytes in the molecular layer of the dentate gyrus and clasmatodendrotic astrocytes in area CA1 (characterized by round edamotous cell bodies, short processes, loss of distal processes, nuclear dissolution, and LAMP-1 1 lysozomes) of rat hippocampus. This astrocytic damage was accompanied by regionally-distinct mitochondrial remodeling, with mitochondrial length decreasing in dentate gyrus but increasing in area CA1 (Ko et al., 2016) . Pharmacologic inhibition of mitochondrial fission (Mdvi-1) attenuates, while enhancing fission (WY14643) increases, the cell death seen in the dentate gyrus post-SE.
Increasing mitochondrial fission increased astrocytic autophagy in area CA1. In related work, SE-evoked increases in astrocytic death and reactive astrocytosis were attenuated by inhibitors of cyclin-dependent kinase 5 (CDK5) acting upstream of Drp1-s616 phosphorylation (Hyun, Min, & Kim, 2017) .
Similarly, changes in the fission/fusion dynamics and the astrocytic mitochondrial network are observed in several neurodegenerative diseases. Drp1, (DLP1), is decreased in astrocytes of patients with Parkinson's disease (Hoekstra et al., 2015) . SiRNA-mediated knockdown of Drp1 in astrocytes leads to a hyperfused mitochondrial morphology, altered Ca 21 signaling, and decreases glutamate (aspartate) uptake (by 30%). This loss of glutamate uptake is associated with an impaired ability of astrocytes to protect dopaminergic neurons in culture against the addition of excess glutamate (Hoekstra et al., 2015) .
The mechanisms regulating mitochondrial transport, mitogenesis, and fission/fusion do not operate in isolation. There are considerable interactions between the fission/fusion apparatus and various transport-mediating proteins. Dynein and dynactin recruit the fission related protein Drp1 to the outer mitochondrial membrane (Varadi et al., 2004) . The fusion protein Mfn2 physically interacts with Miro proteins (Misko et al., 2010) and knock-out of MFN2 or expression of disease-causing variants of Mfn2 decrease axonal mitochondrial transport (Baloh, Schmidt, Pestronk, & Milbrandt, 2007; Misko et al., 2010) in neurons. In addition, mutations disrupt axonal mitochondrial positioning and promote axon degeneration (Misko, Sasaki, Tuck, Milbrandt, & Baloh, 2012 (Fransson et al., 2006; Saotome et al., 2008) . Similarly, expression of Ca
21
-insensitive mutants of Miro1 or Miro2 modestly increase the length of mitochondria in astrocytes (Jackson et al., 2014b; Stephen et al., 2015) . Myosin V knockdown increases length of axonal mitochondria (Pathak et al., 2010) . The coordination of mitochondrial trafficking and fission/fusion dynamics likely contributes to appropriate distribution of mitochondria within neuronal and astrocytic processes.
| Quality control/mitophagy
Depolarized or damaged mitochondria are degraded through a specialized, cargo specific form of macroautophagy termed mitophagy (Lemasters, 2005; reviewed in Wong & Holzbaur, 2015; Youle & Narendra, 2011) . Mitophagy is often preceded by the arrest of mitochondrial movement and mitochondrial fission (Twig et al., 2008) , possibly to isolate individual dysfunctional mitochondria from the larger network and to make mitochondrial fragments small enough to be engulfed by the autophagosome apparatus.
PTEN-induced putative kinase protein (Pink1) Similarly, basal autophagosome formation (and mitophagy) appears to be low in astrocyte processes (Motori et al., 2013; O'Donnell et al., 2016) . In astrocyte processes in vivo, Motori et al observed that 1%
of GFP1 mitochondria co-localized with LC3BII (a marker of autophagosomes). Cortical stab wound resulted in an increase in autophagosome formation, increased mitochondrial fragmentation, and resulted in a three-fold increase in the percentage of mitochondria that co-localize with the autophagosome marker (Motori et al., 2013) . Using organotypic hippocampal cultures, we found that OGD increased the colocalization of mitochondria with the autophagosome marker LC3B and caused a delayed loss of mitochondria (50%) from astrocytic processes between 8 and 24 hr post injury (O'Donnell et al., 2016) . These results are consistent with observation in neurons demonstrating (mito) autophagosome generation in distal axons in response to damaged mitochondria (Ashrafi et al., 2014) . It remains to be seen whether autophagosome maturation is local or whether these organelles are transported to the soma (retrograde) for degradation in astrocytes.
In neurons and other cells, removal of damaged or dysfunctional mitochondria is thought to protect the cell from oxidative damage (Loeb, Wallace, & Martin, 2005) . In astrocytes, blocking mitophagy is associated with an inability to re-establish the mitochondrial network and increased cell death. Blocking autophagosome induction (either by knockout of ATG7 or expression of a dominant-negative ATG4B mutant), altered mitochondrial fission/fusion balance, increased ROS formation, and increased inflammation-mediated astrocyte cell death (Motori et al., 2013) . Genetic ablation of Pink1 decreases mitochondrial function (decreased mitochondrial mass, Dwm, ATP production, and increased ROS generation) and attenuates astrocyte proliferation in primary cultures of astrocytes (Choi et al., 2013) . Given the role of astrocytes in coordinating neuronal metabolism, survival, and synaptic maintenance, it will be interesting to determine the extent to which mitochondrial quality control in astrocytes contributes to neuronal death and disease progression in neurodegenerative diseases.
| Transcellular/intercellular transfer of mitochondria
Until recently, the conventional view of mitochondrial inheritance was that mitochondria are transmitted during cell division with newly generated mitochondria split between the mother and daughter cells. Pasquier et al., 2013; Tan et al., 2015; reviewed in Berridge et al., 2016b; Torralba et al., 2016) . A common feature involved in the horizontal transfer of mitochondria is cell stress and loss of mitochondrial function in the acceptor cell (Torralba et al., 2016) .
Several mechanisms have been proposed to underlie the transfer of mitochondria between cells, including extracellular vesicles (exosomes and microvesicles), membrane evulsions (during transcellular mitophagy) and tunneling nanotubes (see Torralba et al., 2016) . Extracellular vesicles have been suggested to facilitate the transfer of proteins (cytosolic and membrane-bound), lipids, and RNA, between cells (reviewed in Budnik, Ruiz-Canada, & Wendler, 2016) . Exosomes (30-100 nm microvesicles) containing mtDNA have been isolated from astrocyte or glioblastoma-conditioned medium (Guescini, Genedani, Stocchi, & Agnati, 2010) . In addition, several groups have isolated larger microvesicles (0.3-8 mm) that contain intact mitochondria (Falchi et al., 2013; Hayakawa et al., 2016) . In addition, mitochondria can be transferred along bridging structures termed tunneling nanotubes (Rustom, Saffrich, Markovic, Walther, & Gerdes, 2004 signaling (Hayakawa et al., 2016) . This mechanism has been proposed to provide healthy mitochondria to neurons following stroke and aid in their functional recovery. degradation of axonal mitochondria from retinal ganglion cells in astrocytes, which they termed transmitophagy. Using serial block-face scanning electron microscopy, they identified axonal protrusions filled with mitochondria that appose astrocytic processes. These protrusions are pinched off from the axons to form membrane enclosed evulsions that are surrounded by axonal cytoplasm. These axonally-derived evulsions containing mitochondria appear to be degraded via fusion with the lysosome in astrocytes.
How widespread is this? Davis et al. (2014) suggest that the degradation of retinal ganglion cell mitochondria in the optic nerve head astrocytes might exceed that seen within the retinal ganglion cell soma.
In addition, they report the existence of morphologically similar structures (mitochondrial filled evulsions) within superficial layers of cortex, although with a significantly decreased frequency. The astrocytemediated phagocytosis of membranous evulsions though is reminiscent of astrocyte-mediated phagocytosis and removal of synapses identified in the retinogeniculate system (Chung et al., 2013) . As noted by Davis et al, it is possible that the molecular machinery for both activities is conserved. release from the endoplasmic reticulum, release from mitochondria, and influx across the plasma through a plethora of ion channels and exchangers. The attribution of Ca 21 signal to source has, however, proven contentious (for recent discussion and reviews see Bazargani & Attwell, 2016; Rusakov, Bard, Stewart, & Henneberger, 2014; Volterra, Liaudet, & Savtchouk, 2014) . Increases in intracellular [Ca 21 ] are implicated in numerous astrocyte functions, including regulation of local blood flow (Petzold, Albeanu, Sato, & Murthy, 2008; Petzold & Murthy, 2011; Otsu et al., 2015; Schummers, Yu, & Sur, 2008 , reviewed in MacVicar & Newman, 2015 , release of transmitter (Marchaland et al., 2008; Navarrete et al., 2013; Nedergaard, 1994; Parpura et al., 1994) , and regulation of synaptic plasticity (Di Castro et al., 2011; Min & Nevian, 2012) .
| Role of mitochondria in astrocytic processes
Calcium signals in astrocytes are highly varied, ranging from small, local, uncoordinated elevations in [Ca 21 ] (Di Castro et al., 2011; Nett, Oloff, & McCarthy, 2002; Shigetomi, Kracun, & Khakh, 2010a ) to large, somatic [Ca 21 ] increases that are coordinated between many cells, such as occur in response to adrenergic signaling in vivo (Ding et al., 2013 increases within the processes of astrocytes (Di Castro et al., 2011; Grosche et al., 1999; Jackson & Robinson, 2015; Perea & Araque, 2005; Shigetomi, Kracun, Sofroniew, & Khakh, 2010b; Srinivasan et al., 2015) . Using hippocampal organotypic cultures expressing membrane ] transients both in primary cultures of astrocytes and within astrocyte process, where it also increases the amplitude of spontaneous Ca 21 transients and increases the distance over which these transients propagate (Boitier, Rea, & Duchen, 1999; Jackson & Robinson, 2015 increases are matched by increases in ATP production (Jouaville, Pinton, Bastianutto, Rutter, & Rizzuto, 1999 (Denton, 2009; Denton, Randle, & Martin, 1972) . Increases in matrix [Ca 21 ] also increase the velocity of ATP production via the ATPsynthase at a given mitochondrial membrane potential (Territo, Mootha, French, & Balaban, 2000; Territo, French, & Balaban, 2001a; Territo, French, Dunleavy, Evans, & Balaban, 2001b; reviewed in Balaban, 2009) in cardiac mitochondria. More recently, it was found that nanomolar (S 0.5 5 300 nM) elevations in extramitochondrial [Ca 21 ] increase activation of the aspartate-glutamate carrier-1 (AGC1/Aralar; Palmieri et al., 2001 ). This results in an increased transfer of reducing equivalents (NADH) into the mitochondria and has been proposed to increase glutamate-dependent respiration by increasing substrate supply (Contreras et al., 2007; Gellerich et al., 2012; Palmieri et al., 2001; Pardo et al., 2006; Safer, Smith, & Williamson, 1971; reviewed in Gellerich et al., 2013; Llorente-Folch et al., 2015 ] stimulate the glucose transporter GLUT1 in astrocytes, a mechanism that is mimicked by Daspartate application and inhibited by TBOA (Loaiza, Porras, & Barros, 2003; Porras, Ruminot, Loaiza, & Barros, 2008 -exchanger (NCLX). Glutamate can be transferred into the mitochondria via aralar and subsequently converted to a-ketoglutarate (a-KG) for entry into the TCA cycle As well as providing local ATP and Ca 21 buffering, the movement of mitochondria to sites of high activity and glutamate uptake within the astrocyte may be related to the metabolism of glutamate itself (see Figure 3 for model). Most glutamate in the forebrain is cleared into astrocytes via the glial glutamate transporters GLT1 and GLAST (Danbolt, 2001; Rothstein et al., 1994) . It is generally assumed that most of this glutamate is converted to glutamine via the astrocyte selective enzyme glutamine synthetase (Martinez-Hernandez, Bell, & Norenberg, 1977; Norenberg & Martinez-Hernandez, 1979 ). This glutamine is, in turn, recycled to neurons to regenerate glutamate; the glutamate-glutamine cycle. However, a relatively large percentage (30%) of the glutamate that is taken up by astrocytes is converted to a-ketoglutarate and subsequently metabolized via the tricarboxylic acid (TCA) cycle on an ongoing basis (McKenna, Sonnewald, Huang, Stevenson, & Zielke, 1996; Yu, Schousboe, & Hertz, 1982; for review see McKenna, 2013) .
In fact, Yu et al. found that in primary cultures of astrocytes, 50% more glutamate was oxidized versus converted to glutamine. In addition, the percentage of glutamate that is oxidized increases as a function of glutamate concentration (McKenna et al., 1996) . Thus, the positioning of mitochondria within astrocytes may allow selective fueling of glutamate uptake by catabolism of glutamate itself (for more extensive reviews see (Dienel, 2013; McKenna, 2013; Olsen & Sonnewald, 2015; .
From the perspective of the astrocyte, the release of glutamine (derived from a-ketoglutarate) can be regarded as a loss of a TCA cycle intermediate. By some estimates, 60% of TCA cycle intermediates are lost in astrocytes (Hassel, Sonnewald, Unsgard, & Fonnum, 1994; Hassel & Sonnewald, 1995;  for review see Hassel, 2000) . Anaplerosis is necessary to replace these intermediates. Pyruvate (derived from glucose metabolism) can be carboxylated via the astrocyte-selective, mitochondrial enzyme, pyruvate decarboxylase, to form the TCA cycle intermediate oxaloacetate (Shank, Bennett, G. S., Freytag, & Campbell, 1985; Yu, Drejer, Hertz, & Schousboe, 1983) . Thus, one consequence of perisynaptic mitochondrial positioning in astrocytes may be to facilitate the replenishment of TCA cycle intermediates.
| C ONC LUSI ON
Until recently, the existence of mitochondria and mitochondrial metabolism within astrocyte processes was highly contested. It is increasingly clear that, as in neurons, the dynamics of mitochondria in astrocytes is highly regulated and influences multiple aspects of mitochondrial, and presumably, astrocytic functions. Given that astrocyte signaling and metabolism is highly integrated with that of neurons, one possible avenue of investigation should be to determine whether mitochondrial dynamics in astrocytes influences neuronal signaling and function. In addition to the physiologic influence of mitochondria, dysfunction of mitochondria has been implicated in the pathology of both neurodevelopmental and neurodegenerative diseases (Chen & Chan, 2009; Liesa et al., 2009 ). Relatively unexplored is whether mitochondrial dynamics in astrocytes contributes to these conditions. Understanding the differences underlying the mechanisms regulating mitochondrial dynamics between neurons and glia may yield new targets for pharmacologic manipulation of these disorders. 
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